Magnetic resonance imaging (MRI) can non-invasively and non-destructively probe the magnetization of hydrogen atoms on water molecules in large objects with a high spatial resolution, and in three dimensions. This unique combination of properties is exploited in polymer gel dosimetry since original gel dosimeters, in which viscosity changes were measured and related to the absorbed dose [1], were adapted to obtain a three dimensional dose distribution [2] . The original publication for a 3D dosimeter using MRI dates back to 1990 [3] where a well-known Fricke dosimeter [4] was combined with an aqueous agarose matrix. This followed the observation that irradiation of a ferrous sulfate solution leads to measurable changes in NMR relaxation times [5] . In polymer gel dosimeters, a free radical-induced polymerization reaction leads to the formation of polymer clusters or chains in a gelatin matrix [6] [7] [8] . The contrast mechanisms by which MRI can, directly or indirectly, detect the presence of this polymer have already been reviewed [9] and will not be detailed here. Rather, this review will summarize the different MRI techniques that have been applied to date to probe polymer gel dosimeters. The ultimate goal of this, and other, imaging technique is to provide the most precise and accurate dose determination, which implies an optimization in terms of signal-to-noise (SNR) and the absence of imaging artefacts or distortions. All researchers and medical physicists using polymer gel dosimeters do not have access to the same scanners and/or cannot modify the pulse sequences packaged by the manufacturer. This review will thus specify the type of scanner, the field strength, the version, and whether the sequence was available or whether it was modified. Finally, the type of sequence (i.e., multi-slice or 3D) will be reported. Note that some reports were not covered in this review, as they did not provide the uncertainties on the measurements and thus could not be compared adequately. The paper will follow the chronological development of MRI techniques, and their optimization, applied to polymer gel dosimeters. It is not the scope to trace these techniques back to their original authors, since this aspect is covered in a number of excellent reviews and textbooks [e.g., [10, 11] ].
other words, the dose resolution will be improved by a precise T 2 measurement, but will not be affected by the accuracy of the measurement. In 1993, Maryanski et al used a Carr-Purcell Meiboom Gill (CPMG) sequence available on a GE signa 1.5 T scanner. Uncertainties were not discussed and generic 5% error bars were added to the graphs. To the best of our knowledge, the first report of a 3D sequence used to image dosimeter gels is from Ibbott et al [13] . In that case, however, T 1 -weighted images were acquired with a 3D sequence but the dose maps were derived from multiple images acquired from a single Hahn echo, multi-slice sequence. It is not stated how the uncertainties were determined, but they were of the order of 5% on R 2 , as judged from their graphs.
A custom 'turbo-mixed' sequence able to quantify T 1 and T 2 simultaneously was used on a Philips Gyroscan 0.5 T scanner on irradiated polymer gel dosimeters [14] . The uncertainties on T 2 were not discussed or shown.
The same year, De Deene et al [15] were the first to use a multiple spin echo sequence with 32 equidistant echoes on a Siemens 1.5 T scanner. In that study, the errors on R 2 were of the order of 5%, as judged from their graphs. The image uniformity was also assessed using uniform phantoms and was found to be within 1%.
Following the polymer gel dosimeter manufacturer recommendation, Low et al [16] studied the performance of a single echo sequence using two different echo times of 20 and 100 ms. They concluded that the dose could be determined with an uncertainty of around 4% at high dose (25 Gy) . Interestingly, they noticed spatial variations from slice to slice and concluded that those artefacts warranted the investigation of alternative MRI sequences. The same single-echo approach was also used by Scheib and Gianolini [17] who used four echo times (20, 60, 80 , 140 ms) to verify a radiosurgery treatment plan using a polymer gel dosimeter. They noted that the choice of a singleecho sequence in order to achieve a voxel resolution close to 1 mm 3 was motivated by the observation of crosstalk between neighbouring slices when using a multiple echo protocol. This effect was not demonstrated in that contribution, but it would certainly be worthwhile to explore this issue and verify the effect of slice-selective versus non selective inversion pulses. The use of standard interleaved slice acquisitions could also be investigated further for thin slices in the context of gel dosimetry where T 1 values are mostly over 1.5 s.
The possibility for MRI micro-imaging of polymer gels was evaluated [12, 18] . A Medspec 30/80 Bruker 3 T scanner equipped with a custom gradient coil was used. An in-plane spatial resolution of 100 µm x 100 µm with a slice thickness between 800 µm and 1000 µm was achieved [12] . Not unexpectedly at this resolution, however, the signal is small such that additional averaging, increasing the scan time, is truly required. At this resolution, the standard deviation on T 2 (72 ms) is of the order of 1% (0.8 ms) for an acquisition time of 6 hours and 50 minutes.
The main drawback with single spin echo sequences with multiple averages and multi-echo sequences is the relatively long imaging time required in order to obtain precise T 2 values. Turbo spin echo (TSE) sequences and turbo gradient spin echo sequences can also provide multiple T 2 -weighted images from which a T 2 map can be derived. Note that turbo spin echo sequences are also known as fast spin echo sequences. In those sequences, multiple k-space lines are acquired in a single TR period, and the number of such lines is called the turbo factor. In other words, multiple echoes are acquired just like in a multi-echo sequence, with the difference that successive echoes have experienced a different phase encoding gradient. Depending on the scheme selected, one or more images (or set of images) can be obtained. The effective echo time of these images is determined by the echo time at which the middle of k-space is sampled. A schematic representation of a TSE sequence is shown in Fig. 1 . In that sequence, a train of 2n echoes is acquired with the first n echoes used to reconstruct one image and the last n echoes used to reconstruct a second image. The effective echo times (TE 1 and TE 2 ) are given by the echo time at which the central line of k-space (with G y = 0) is acquired. Note that a multiple slice or a 3D approach can be implemented but neither are shown here. Figure 1 . Schematic representation of a dual-echo turbo spin echo sequence where 2n echoes are acquired and encoded to fill the k-space for two different images. In that case, a reduction of scanning time by a factor of n would be achievable. In a CPMG sequence, the G y gradients would be the same for each echo in the train.
In addition, a given echo can be used in the reconstruction of two successive images (echo sharing), which can help to further decrease the acquisition time. Such a scheme was implemented and tested on polymer gel dosimeters [19] using a Siemens Magnetom Vision Plus 1.5 T scanner. With a turbo factor of 5, 1 shared echo and 14 images on 6 slices, they obtained more precise T 2 values than with a conventional multi-echo sequence. The net advantage of the TSE sequence is the acquisition time that was reduced by a factor of 5, down to 10 min 12 sec, compared with the multiecho CPMG acquisition. Later, a dual-echo segmented k-space TSE sequence was evaluated and compared again with the CPMG sequence this time on the equivalent of 28 slices [20] . In this study, a Philips ACS NT MR 1.5 T scanner was used. A reduction in scanning time by a factor of 70 still led to results that were comparable with those from a CPMG sequence. It remains to be evaluated whether the spatial distribution of TSE is comparable, better or worse than with CPMG sequences. It will be detailed below that artefacts and non-uniformities can be obtained with CPMG and other sequences. Thus, fast imaging protocols such as the TSE sequence offer great promise in polymer gel dosimetry, and clearly deserve further attention. However, as will be discussed below, artefacts that are specific to these protocols need to be considered.
Rational determination of pulse sequence parameters
Although many sources of uncertainties in MRI measurements have been investigated earlier, De Deene et al presented a thorough description of how the noise in single T 2 -weighted images affects the calculated T 2 maps in the context of gel dosimetry [21] . In that report, a two-point method, where two echo times are measured several times, is compared to a multiple-point method, where a larger number of spin echoes are acquired. It was concluded that, when only a single echo sequence is available, it is preferable to measure two points more frequently than spreading the measurements over the total time interval. Another conclusion from that work is that, when many points are available (whether from multiple single echo measurements or from a multi-echo sequence), the maximum-likelihood estimation with 2 minimization should be at the heart of the fitting algorithm [21] . Baustert et al studied the performance of single-echo and multi-echo sequence for their accuracy in the determination of T 2 [22] . In their paper, which contains an interesting historical overview of the development of pulse sequences aimed at determining T 2 , they measured T 2 from calibrated agarose n echoes gels and from homemade solutions of contrast agent. They varied the number of echoes and the echo times and found the multi-echo sequence yielded the most accurate results. While we would argue again that the accuracy, as opposed to the precision, of the value of T 2 does not influence the accuracy in the determination of the dose, on account of the inevitable calibration procedure, their conclusions are valid and have later been confirmed by others.
It has been thought that the performance of a particular polymer gel dosimeter recipe depended solely on the slope of R 2 vs the absorbed dose (i.e., the R 2 -dose sensitivity), where a large value was desirable. In 2001 it was shown that, although this property may be useful, it is the combination of the dosimeter response and the precision of the MRI sequence in the determination of those R 2 (1/T 2 ) values that actually determines the performance of a polymer gel dosimetry measurement [23] . In other words, there is no advantage in obtaining a very large R 2 -dose sensitivity if the MRI scanner cannot measure precisely these R 2 values. The concept of dose resolution, which is defined as the minimal dose difference between two doses at which they can be told apart with a given level of confidence [23] , addresses these issues and must be considered in the optimization of a pulse sequence. In that paper, the echo spacing of a multiple spin echo sequence was shown to affect dramatically the dose resolution, for a fixed number of echoes. This concept was used to optimize several polymer gel dosimeter recipes [24, 25] .
A more detailed and complete analysis of the signal-to-noise ratio (SNR) in single echo and multiecho protocols was presented [26] . In this paper, the several properties and limitations of different protocols are discussed. We reproduce here an excerpt from this publication to which the reader is referred for further details:
Restriction on the echo acquisition is imposed by the receiver bandwidth. Shortening the excitation and refocusing pulse duration implies an increase of the transmitter bandwidth. As a result, the strength of the slice selective gradient has to be increased in order to select a slice with the same slice thickness. The strength of the slice selective gradient is restricted by the performance of the gradient coils. A decrease in the excitation and refocusing pulse duration is thus limited by the maximum gradient strength. Shortening the echo acquisition period results in an increase in the receiver bandwidth. This is at the cost of SNR in the base images as SNR is inversely proportional to the square root of the receiver bandwidth. The time for phase encoding can only be shortened by increasing the gradient strength of the phase encoding gradients. Apart from the hardware limitations on strong gradient strengths, the occurrence of eddy currents at high gradient strengths may also play a limiting factor in decreasing the echo time.
Other MRI sequences
Other MRI contrast mechanisms can be exploited in polymer gel dosimetry [9] . This review will not cover the details of how these contrast mechanisms originate from the manipulation of the nuclear spins. Rather, we will review the different methods that have been used to date and provide and discuss their performance.
MR image contrast can be made sensitive to water diffusion by applying magnetic field gradients at appropriate times and of appropriate strength and duration (Fig. 2) . Diffusion-weighted images were presented where the signal decreased with increasing dose [12] . While these results are informative in understanding errors in absolute values of T 2 caused by water diffusion in the presence of strong gradients, it can safely be concluded that diffusion imaging is not a viable alternative to T 2 imaging. Other authors have also noted that, in performing micro-imaging of polymer gels, diffusion can affect the value of T 2 , such that calibration data needs to be acquired using the same imaging protocol as for the phantom of interest, although these errors could be corrected using theory [27] .
The contrast in magnetization transfer imaging results from the transfer of saturated polymer protons to free water protons. This is achieved by selectively irradiating with radio-frequency pulses the polymer protons, which have a broad linewidth compared to that of water protons. Proton exchange from the polymer to water molecules thus causes a water signal drop, which can be detected. Results from this technique were very promising and the dose resolution approached that of conventional CPMG results [28] . However, most scanners do not allow users to select the number, duration and power of the saturating shaped radio-frequency pulses, which may explain why the technique was not widely used in polymer gel dosimetry. Elsewhere in these proceedings, De Deene et al used MT imaging to investigate the properties of low-density polymer gel dosimeters mimicking lung tissues.
Nuclear magnetic resonance spectroscopy has been used to probe the chemical composition of dosimeter gels to understand their fundamental properties [7] . Imaging of the acrylic protons of the monomers in a polymer gel dosimeter was achieved with a spatial resolution of 15 x 15 x 15 mm 3 on a 1.5 T Siemens Vision scanner [29] . While this technique has the potential to determine the absorbed dose in an absolute way (i.e., without a calibration curve), this was not pursued further.
Artefacts and solutions
Imaging artefacts are possible with every imaging modality and close attention needs to be paid to certain special features of MRI in polymer gel dosimetry. In a series of articles, De Deene et al [30, 31] and De Deene and De Wagter [32] described most of the conditions that could lead to image artefacts and proposed several solutions that applied to their Siemens Magnetom 1.5 T scanner but that can be implemented on any scanner. For example, eddy currents occur in the cryogenic and metal casings of a MRI system when magnetic field gradients are abruptly switched on and off. Since these artefacts were found to depend on the number of gradients applied, it was suggested to include a set of dummy gradient pulses that bring the system to a steady-state [30] .
B 1 inhomogeneity over a given spatial extent is a well-known problem in MRI. It stems from the imperfect field created by a RF coil and from the attenuation of the RF power within a sample. The consequence of this is a space-varying flip angle, which can lead to severe inaccuracies in multi-echo imaging. The inaccuracies are of two types. First, they can result in geometrical distortions and second, they can disturb the signal amplitude, leading to inaccuracies in T 2 , and consequently in dose errors. Since B 1 inhomogeneities are intimately linked to the design of a given RF coil and to the shape of the phantom to be studied, one must often resort to a posteriori correction methods. In their report, De Deene and De Wagter [32] propose to carefully determine a flip angle map that can be used RF G diff /2 Figure 2 . Schematic representation of a diffusion-weighted MRI sequence. Diffusion gradients (G diff ) are applied before and after the refocusing pulse. The duration of the gradients is and their separation is . Spins that diffuse between the application of the gradients will not be rephased, causing a signal loss related to the apparent diffusion coefficient.
to correct the image intensity of the multiple-echo images in an echo train. Two other simple methods for correcting inhomogeneous T 2 maps of phantoms were reported [33] . In these cases, phantoms filled with a homogeneous sample (i.e., gelatin gels doped with different concentrations of GdCl 3 were imaged with a CPMG sequence on a Siemens Vision 1.5 T scanner. Inhomogeneous T 2 were obtained and the errors were found to depend on the position and on the true value of T 2 . The "rate correction method" assumes that the signal of the nth echo is multiplied by a factor f n . The "response matrix method" is a look-up table that relates the value of T 2 determined in a given voxel to its actual (true) value. A voxel by voxel correction was shown to correct for these inaccuracies.
A detailed discussion on the causes for T 2 inaccuracies is provided, with an emphasis on the compensation of the dephasing caused by the read gradients in micro-imaging applications [12] . Water diffusion can lead to inaccuracies in T 2 . The consequence of these inacurracies is minimised in polymer gel dosimetry when calibration vials are imaged using the same imaging parameters as for a phantom of interest. Later, water diffusion effects under strong imaging gradients were quantified and explained [27] . These authors suggested the errors that would result from using different imaging parameters for the calibration vials and for a phantom could be corrected using theory.
Relaxation time constants T 1 and T 2 vary with temperature. While most authors leave their polymer gel dosimeter samples inside the MRI scanning room for an extended period of time before scanning, temperature increases caused by the absorption of RF energy can also cause changes in those time constants [34] . Since most of the signal is present in the middle of k-space, it was proposed to use a centric phase encoding scheme where the centre of k-space is recorded early, before significant temperature changes occur [34] .
TSE sequences can also be accompanied by specific artefacts. Each echo from an echo train will have a decreasing signal intensity resulting in a deterioriation of the point-spread-function [35] . Intensity correction schemes exist but a priori knowledge on the T 2 value being measured is needed. Ghosting artefacts resulting from phase differences between excitation and refocusing pulses can also be present (Fig. 3) . Figure 3 . T 2 map from a non-optimized two-echo fast spin-echo pulse sequence. Several wells with different diameters were irradiated with a 2 cm x 2 cm photon beam. Absorption of dose caused the "black spots" in the middle of each well. Note the artefacts (arrow) that superimpose on the expected smooth signal from an unirradiated portion of the gel. Time reduction was achieved at the expense of image uniformity. Also note that image windowing was set to highlight the non-uniformity artefacts.
Conclusions
MRI is still playing a major part in polymer gel dosimetry and improvements have been realised, notably concerning the optimization in the determination of T 2 using multi-echo sequences and by the introduction of turbo spin echo sequences adapted to polymer gel dosimeters. Both these imperatives were required to meet the needs in high precision polymer gel dosimetry. As of yet, there is no consensus in the utilization of MRI in polymer gel dosimetry. This is due, in part, in the sequences that are commercially available from different vendors, and the varying level of flexibility that these offer. It appears that turbo spin echo sequences hold great promise for the time-efficient evaluation of gels, but more work is required in order to fully characterize the image integrity and consideration must be given to the efficiency of these methods compared to standard CPMG sequences. Also, it appears that the optimization of turbo spin-echo sequences with respect to the number of echoes, the effective echo time, and the number of images is still needed. A similar conclusion is reached concerning the spatial integrity of these sequences. 
